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1
METHOD FOR ANALYZING NERVE FIBER
DISTRIBUTION AND MEASURING
NORMALIZED EVOKED COMPOUND
ACTION ELECTRIC POTENTIAL

CROSS-REFERENCES TO RELATED
APPLICATIONS

This application claims under 35 U.S.C. §119(a) the ben-
efit of Taiwanese Application No. 101131509, filed Aug. 30,
2012, the entire contents of which is incorporated herein by
reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to methods for analyzing
nerve fibers distribution, and, more specifically, to a method
for analyzing nerve fibers distribution using both the electric
current steering technique and the normalized evoked com-
pound action potential (ECAP) technique.

2. Description of Related Art

The electric current steering technique has been applied to
cochlear implant (CI) stimulating strategies. In addition, the
normalized evoked compound action potential (ECAP) tech-
nique has also been used to measure for the neural response in
cochlear implant patients.

Referring now to FI1G. 1, FIG. 1 shows a schematic diagram
depicting the existing ECAP technique. As shown in FIG. 1,
an electric current is injected into the group of nerve fibers Nf
through the conducting electrode n (El.n). The conducting
electrode n+1 (El.n+1) is used to measure and record action
potentials Vs of the group of nerve fibers within the stimula-
tion area.

U.S. Patent Application Publication No. 2008/0221640A1
discloses a multi-channel method to elicit electrically-evoked
compound action potential (ECAP).

However, it is not possible to use the ECAP technique
alone to estimate neural survival based on FIG. 1 or the U.S.
Patent Application Publication No. 2008/0221640A1. In
other words, even if the stimulation area of FIG. 1 or the U.S.
Patent Application Publication No. 2008/0221640A1 covers
various nerve fibers, it cannot be rapidly and precisely deter-
mined which group of nerve fibers is being activated.

That is to say, the plurality of conducting electrodes are
used as the output conducting electrodes (such as El.n+l1,
El.n+2 and so on). The distance between the group of nerve
fibers Nf and each of the plurality of sensing and conducting
electrodes may not be the same. Accordingly, the distance
between the group of nerve fibers Nf and each of the plurality
of sensing and conducting electrodes cannot be precisely
computed by the existing techniques.

It can be seen that the existing ECAP technique alone
cannot be applied to directly computing a neural distribution.
Accordingly, solutions to the problems described above have
been long sought, but prior developments have not taught or
suggested any solutions and, thus, solutions to the problems
have long eluded those skilled in the art. Therefore, there is a
heretofore-unaddressed need to overcome defects and short-
comings described above.

SUMMARY OF THE INVENTION

In light of the foregoing drawbacks, an objective of the
present invention is to provide a method for rapidly and
precisely measuring and analyzing nerve fibers distribution
within a nerve tissue. In addition, another objective of the
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present invention is to provide a method for measuring a
normalized evoked compound action potential (ECAP) and
estimating a threshold potential level, a comfort potential
level and a most comfort potential level of an electrical stimu-
lation signal for each electrode for a patient.

In accordance with the above objectives and other objec-
tives, the present invention provides a method for analyzing
nerve fibers distribution using a plurality of sensing and con-
ducting electrodes on the surrounding of or inside a nerve
tissue, comprising the steps of (1) inputting a stimulation
signal into the nerve tissue through at least two of the plurality
of'sensing and conducting electrodes, applying a stimulation
signal ratio to control the stimulation signal using an electric
current steering technique to form at least one of a plurality of
stimulation areas in the nerve tissue based on the stimulation
signal ratio and forming each of a plurality of evoked com-
pound action electric potentials (ECAP) corresponding to
each of the plurality of stimulation areas based on the stimu-
lation signal; (2) receiving the plurality of ECAPs using at
least two the plurality of sensing and conducting electrodes;
and (3) integrating and comparing the received plurality of
ECAPs and analyzing the nerve fibers distribution of the
nerve tissue based on an electric potential attenuation factor,
a relative distribution of each of the plurality of sensing and
conducting electrodes and a distance between the nerve fibers
and each of the plurality of sensing and conducting electrodes
within each of the plurality of stimulation areas.

Moreover, the present invention also provides a method for
analyzing nerve fibers distribution, comprising the steps of:
(1) inputting a stimulation signal into a nerve tissue through at
least two of a plurality of sensing and conducting electrodes,
applying a stimulation signal ratio to control the stimulation
signal using an electric current steering technique to electri-
cally stimulate a plurality of nerve fibers within a plurality of
stimulation areas of the nerve tissue; (2) receiving a plurality
of ECAPs using at least two of the plurality of sensing and
conducting electrodes due to the plurality of nerve fibers
electrically stimulated and computing a distance between the
nerve fibers and at least two of the plurality of sensing and
conducting electrodes including eliminating non-ideal effect
caused by an electric potential attenuation factor, wherein the
electric potential attenuation factor is a function of the dis-
tance between the nerve tissue and at least two of the plurality
of'sensing and conducting electrodes; and (3) integrating and
comparing the received plurality of ECAPs and analyzing the
nerve fibers distribution in the nerve tissue.

The present invention further provides a method for mea-
suring a normalized ECAP, comprising the steps of (1) input-
ting a voltage signal into the nerve tissue through at least one
of'a plurality of sensing and conducting electrodes, and com-
puting a distribution angle corresponding to each of the plu-
rality of sensing and conducting electrodes that are not used
for inputting the voltage signal into the nerve tissue; (2)
computing a distance between the nerve fibers and each of the
plurality of sensing and conducting electrodes based on the
distribution angle corresponding to each of the plurality of
sensing and conducting electrodes; (3) inputting a stimulation
signal into the nerve tissue through at least one of the plurality
of'sensing and conducting electrodes to generate the plurality
of ECAPs, receiving the plurality of ECAPs using the other
one of the plurality of sensing and conducting electrodes that
are not used for inputting the stimulation signal into the nerve
tissue, and receiving the plurality of ECAPs corresponding to
the other one of the plurality of sensing and conducting elec-
trodes, based on the plurality of ECAPs, the distance between
the nerve fibers and each of the plurality of sensing and
conducting electrodes and an electric potential attenuation
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factor; and (4) computing the received plurality of ECAPs to
obtain an average ECAP of the nerve fibers.

In addition, the present invention also provides a method
for using a normalized ECAP, comprising the steps of (1)
inputting a voltage signal into the nerve tissue through a
plurality of sensing and conducting electrodes, and comput-
ing an average ECAP corresponding to a distance between the
plurality of sensing and conducting electrodes and the nerve
tissue based on the method for measuring a normalized
ECAP; (2) generating a curve of each of the plurality of
sensing and conducting electrodes corresponding to the aver-
age ECAP; (3) obtaining a threshold potential and a comfort
potential of the potential signal inputted into the nerve tissue,
and obtaining a first correlation between the average ECAP
and the threshold potential and a second correlation between
the average ECAP and the comfort potential; (4) generating
the threshold potential level and the comfort potential level of
each of the plurality of sensing and conducting electrodes
based on the first correlation, the second correlation and the
threshold potential and the comfort potential of the potential
signal.

Accordingly, the plurality of sensing and conducting elec-
trodes of the present invention is used for inputting a stimu-
lation signal into a nerve tissue by combining the normalized
ECARP technique and the electric current steering technique.
A plurality of stimulation areas in the nerve tissue is dynami-
cally generated. Each of a plurality of ECAPs corresponding
to each of the plurality of stimulation areas is formed based on
the stimulation signal. The received plurality of ECAPs is
integrated and compared in order to rapidly and precisely
analyze a nerve fibers distribution of the nerve tissue.

Besides, the normalized ECAP is used in the objective
measurement method. A threshold potential level and a most
comfort potential level of an electrical stimulation signal for
a patient may be estimated without requiring the patient to
respond. It would be very useful that the electric current
stimulation factor may be rapidly and precisely determined
accordingly to the present invention.

Certain embodiments of the present invention have other
methods or components in addition to or in place of those
mentioned above. The methods or components will become
apparent to those skilled in the art from a reading of the
following detailed description when taken with reference to
the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention can be more fully understood by
reading the following detailed descriptions of the preferred
embodiments, with reference made to the accompanying
drawings, wherein:

FIG. 1 is a schematic diagram depicting the existing
evoked compound action potential (ECAP) technique;

FIGS. 2 and 3 are schematic diagrams illustrating a method
for analyzing nerve fibers distribution using an electric cur-
rent steering technique according to the present invention;

FIGS. 4A and 4B are schematic diagrams illustrating two
procedures for removing artifacts during ECAP measure-
ments based on prior art;

FIG. 5 is a schematic diagram illustrating a method for
analyzing nerve fibers distribution according to the present
invention;

FIG. 6A is a line graph of electric potential vs. distance
depicting a plurality of spherical sensing and conducting
electrodes which is formed into an electrode array inserted in
a nerve tissue according to the present invention;
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FIGS. 6B-6E are line graphs of electric potential vs. dis-
tance depicting a plurality of flat-shaped sensing and con-
ducting electrodes which is formed into an electrode array
inserted in a nerve tissue according to the present invention,
and also illustrate that an electric current is used as a stimu-
lation signal;

FIGS. 7A and 7D are schematic diagrams illustrating the
triangulation technique according to the present invention;

FIGS. 7B and 7C are schematic diagrams illustrating the
resistance and angle measurement according to the present
invention;

FIGS. 8A-8C show line graphs of normalized ECAP
amplitudes vs. centroids of stimulation areas according to
three examples of the present invention;

FIG. 9 is a schematic diagram illustrating the ECAP tech-
nique according to the present invention;

FIGS. 10A and 10B are schematic diagrams illustrating the
triangulation technique according to the present invention;
and

FIG. 11 shows plots of electric current vs. electrode illus-
trating the threshold (T) potential levels and the comfortable
(C) potential level of electrical stimulation signal for a typical
patient in the left plot, with a plot of ECAP threshold and the
most (M) comfortable level shown on the right.

DETAILED DESCRIPTION

The present invention is described by the following specific
embodiments. Those with ordinary skills in the arts can
readily understand the other advantages and functions of the
present invention after reading the disclosure of this specifi-
cation. The present invention can also be implemented with
different embodiments. Various details described in this
specification can be modified based on different viewpoints
and applications without departing from the scope of the
present invention.

The present invention provides a method for analyzing
nerve fibers distribution and a method for measuring a nor-
malized evoked compound action electric potential (ECAP).
The method of analyzing nerve fibers distribution is shown in
FIGS. 2-8. Moreover, the method for measuring a normalized
ECAP is shown in FIGS. 9-11.

According to the present invention, referring to FIGS. 2
and 3, the electric current steering technique is used in the
method for analyzing nerve fibers distribution. Multiple
straight lines illustrated in FIGS. 2 and 3 may represent a
group of nerve fibers Nf, such as auditory nerve fibers, vagus
nerve fibers, retinal nerve fibers and spinal cord nerve fibers.
Multiple sensing and conducting electrodes El.n, El.n+1,
El.n+2 may represent a plurality of sensing and conducting
electrodes which is formed into an electrode array.

In practice, a stimulation signal is inputted into a nerve
tissue through at least two of the plurality of conducting
electrodes. A stimulation signal ratio is applied to control the
stimulation signal using an electric current steering technique
in order to form at least one of a plurality of stimulation areas
in the nerve tissue and to form at least one of a plurality of
ECAPs corresponding to at least one of the plurality of stimu-
lation areas based on the stimulation signal ratio.

According to one embodiment of the present invention, as
shown in FIG. 3, the conducting electrodes El.n, El.n+1 may
be used as the input conducting electrodes. An action poten-
tial/voltage is created by the conducting electrodes El.n,
El.n+1 within the plurality of nerve fibers Nf within a stimu-
lation area R1. The stimulation signal ratio a=0.5 is applied to
control the stimulation signal using an electric current steer-
ing technique through the conducting electrodes El.n, El.n+1.
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In other words, the input electric currents of the conducting
electrodes El.n, El.n+1 are 0.51, where I represents the bipha-
sic current pulse. Additionally, a virtual electrode (not shown)
is formed between the conducting electrodes El.n, El.n+1. If
the plurality of nerve fibers Nf within the first stimulation area
R1 is survived and works properly, the action potential/volt-
age V(1) generated in the nerve fibers is then coupled to the
conducting electrode El.n+2. V. (1) represents the cou-
pling of the action potential V(t) of all the excited nerve fibers
to the conducting electrode El.n+2. Additionally, V., 5(t) is
directly proportional to the number of nerve fibers being
excited by the stimulation signal through the conducting elec-
trodes El.n, El.n+1. Accordingly, the neural survival in the
cochlea can be measured based on V., »(t).

Subsequently, according to another embodiment of the
present invention, as shown in FIG. 3, the stimulation signal
ratio a=0 is applied to control the stimulation signal using an
electric current steering technique through the conducting
electrodes El.n, El.n+1. An action potential/voltage is created
by the conducting electrodes El.n, El.n+1 within the plurality
of nerve fibers Nf of a second stimulation area R2. Moreover,
a virtual electrode (not shown) is formed between the con-
ducting electrodes El.n, El.n+1. If the plurality of nerve fibers
Nf within the second stimulation area R2 is survived and
works properly, the action potential V(t) generated in the
nerve fibers is then coupled to the conducting electrode El.n+
2. Vo p(1) is directly proportional to the number of nerve
fibers being excited by the stimulation signal through the
conducting electrodes El.n, El.n+1.

Further, according to an alternative embodiment of the
present invention, as shown in FIG. 3, the stimulation signal
ratio a=1 is applied to control the stimulation signal using an
electric current steering technique through the conducting
electrodes El.n, El.n+1. An action potential/voltage is created
by the conducting electrodes El.n, El.n+1 within the plurality
of nerve fibers Nf of a third stimulation area R3. Moreover, a
virtual electrode (not shown) is formed between the conduct-
ing electrodes El.n, El.n+1. If the plurality of nerve fibers Nf
within the third stimulation area R3 is survived and works
properly, the action potential V(t) generated in the nerve
fibers is then coupled to the conducting electrode El.n+2.
V zcup(t) is proportional to the number of nerve fibers being
excited by the stimulation signal through the conducting elec-
trodes El.n, El.n+1. Therefore, it can be seen from FIG. 3 that
the first stimulation area R1, the second stimulation area R2
and the third stimulation area R3 within the nerve tissue may
be overlapped or may not be overlapped.

Specifically, the group of nerve fibers are electrically
stimulated within a plurality of stimulation areas of the nerve
tissue in order to receive a plurality of ECAPs. Electrical
stimulation may be performed by probe only stimulation,
masker only stimulation, masker and probe stimulation or no
masker and probe stimulation in order to remove switch on
artifact.

Accordingly, the received plurality of ECAPs is optimized.
As shown in FIG. 4A, probe only stimulation is labeled as A,
Masker and probe stimulation is labeled as B, Masker only
stimulation is labeled as C, and No masker and probe stimu-
lation is labeled as D. Once A-(B-(C-D)) is computed, noise
and switch on artifact can be removed. Consequently, an
optimized result is obtained.

As shown in FIG. 4B, according to one embodiment of the
present invention, the alternating polarity method may be
used to remove noise and switch on artifact. With this method,
noise can be removed by the average of the plurality of
ECAPs generated based on anodic and catholic stimulation.
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According to the present invention, referring to FIGS. 2
and 3, the first stimulation area R1, the second stimulation
area R2 and the third stimulation area R3 are formed by using
the electric current steering technique by controlling the o to
0.5, 0 and 1, respectively. More stimulation areas can be
formed by using the electric current steering technique and
changing the a repeatedly. The group of nerve fibers within
the specific areas of the nerve tissue may be covered by at
least one stimulation area in order to further determine
whether the group of nerve fibers within the specific areas of
the nerve tissue is being activated.

Subsequently, referring to FIG. 5, FIG. 5 shows a sche-
matic diagram illustrating a method for analyzing nerve fibers
distribution according to the present invention. The conduct-
ing electrodes El.n, El.n+1 are used as the input conducting
electrodes. An electric current divided in the electric current
ratio al:(1-a)l is inputted into the nerve tissue through the
conducting electrodes El.n, El.n+1. In addition, the conduct-
ing electrodes El.n-2, El.n-1, El.n+2, El.n+3 may be used as
the sensing (output) conducting electrodes. Electric poten-
tials are received by the conducting electrodes El.n-2, El.n—
1, ElLn+2, El.n+3, but may be attenuated due to a non-ideal
factor. The electric potentials received by the conducting
electrodes El.n-2, El.n-1, El.n+2, El.n+3 can be represented
as equation (1). Vz.,»(t) can be obtained and represented by
equation (2), where V(t) represents the source action poten-
tial/voltage generated within the stimulation area R and t
represents time. The electric potentials V. "72(t), V,71(1),
V *2(1), V(1) are the voltage signal received through the
sensing conducting electrodes El.n-2, El.n-1, El.n+2, El.n+
3, respectively, where DecayFactor(Dn) represents a non-
ideal factor and D,, represent the distance between the nth
conducting electrode and the nerve fibers within the stimula-
tion area R. It should be noted that the number of the plurality
of output conducting electrodes are not limited to 4. In other
words, the number of the plurality of output conducting elec-
trodes may be 2 or more.

Equations (1) and (2) are expressed as follows:

V' 2(1) = DecayFactor{Dp—2)- V(1) (¢8)]
VY1) = DecayFactorDp—1)- V(@)
VP 2(1) = DecayFactor(Dy.p)- V(1)

V*3(1) = DecayFactorDp.3) - V(@)
Vi@ ]

V) o —
ZN: ~ ( 7 DecayFactor(D)
N N

@

Vicap(® =

where V., »(t) represents the normalized average of V(1) at
the centroid of the stimulation area of the nerve tissue, V(1)
represents the source action potential/voltage generated
within the stimulation area due to stimulation by El.n and
El.n+1, N represents the plurality of output conducting elec-
trodes, and

k1
DecayFactor(D) = o

where k1 represents a constant and DecayFactor(D) is
inversely proportional to the distance D between each of the
plurality of the output conducting electrodes and each of the
nerve fibers Nf within the stimulation area. Since V (t) are the
only signal we can measure through the sensing electrodes.
We use equation (1) to back calculate the source voltage V(t)
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in the stimulation area. V ;. (1) is not ECAP which is typi-
cally measured through a sensing electrode, but it represents
a normalized ECAP or the average source voltage generated
atthe stimulation area which does not change with the sensing
electrode distance, thus, a normalized ECAP. The normalized
ECAP is useful also because if we plot all the normalized
ECAP along the nerve fibers, then we have a spatial signal
that is proportional to the nerve fibers distribution.

Moreover, if the plurality of conducting electrodes are
spherical, the electric potential attenuation factor is directly
proportional to the distance between each of the nerve fibers
and each of the plurality of conducting electrodes. If the
plurality of conducting electrodes are flat-shaped, the electric
potential attenuation factor is also proportional to the distance
between each of the nerve fibers and each of the plurality of
conducting electrodes, but its decay rate is slower than the
spherical case.

Referring to FIGS. 6A-6E, FIGS. 6 A-6F show line graphs
of electric potential vs. distance depicting a plurality of flat-
shaped/spherical conducting electrodes which is formed into
an electrode array inserted in a nerve tissue according to the
present invention. As shown in FIG. 6E, the conducting elec-
trode EL1 is used as an input conducting electrode, and the
conducting electrodes EL.2 and EL3 are used as two output
conducting electrodes. The group of nerve fibers is located
below the conducting electrodes EL1, EL2 and EL3, as
shown in FIG. 6E, where 1,=73.879°, 1,=83.901°. Referring
to FIGS. 6C and 6D, based on 1, and p,, a voltage inputted by
the conducting electrode EL.1 may be attenuated due to the
distance between the conducting electrodes EL.2 and EL3.
Due to the plurality of conducting electrodes being flat-
shaped conducting electrodes or spherical conducting elec-
trodes, the voltage may also be attenuated. According to
another embodiment of the present invention, an electric cur-
rent may also be inputted into the nerve tissue through the
plurality of conducting electrodes in the application of
cochlear prosthesis.

In addition, referring to equations (1) and (2) again, the
distances D,,_,, D,_,, D, ,, and D, 5 between each of the
conducting electrodes El.n-2, El.n-1, El.n+2, El.n+3 and the
nerve fiber Nf may be respectively obtained prior to receiving
V zcypt) within the stimulation area of the nerve tissue by
equation (2). When the distances D,, ,, D,_;, D, ., and D,
between each of the conducting electrodes El.n-2, El.n-1,
El.n+2, El.n+3 and the nerve fiber Nt are obtained respec-
tively, DecayFactor(D,,_,), DecayFactor(D,,_,), DecayFactor
(D,,,») and DecayFactor(D,,, ;) can be obtained by equation
(1). Accordingly, V(t) corresponding to each of the voltage
measured by sensing conducting electrodes El.n-2, El.n-1,
El.n+2 and El.n+3 may be obtained. Therefore, V ., »{t) can
also be obtained by equation (2).

Further, the distances D,,_,, D,_;, D,,,, and D,,, ; between
each of the conducting electrodes El.n-2, El.n-1, El.n+2,
El.n+3 and the nerve fiber Nf can also be obtained respec-
tively using the triangulation technique.

Referring to FIGS. 7A-7D, FIGS. 7A and 7D show sche-
matic diagrams illustrating the triangulation technique
according to the present invention. Moreover, FIGS. 7B and
7C show schematic diagrams illustrating the resistance and
angle measurement according to the present invention. It
should be noted that the plurality of conducting electrodes
may not be limited to flat-shaped conducting electrodes or
spherical conducting electrodes.

Referring now to FIG. 7A, there are four conducting elec-
trodes. The distance between the adjacent conducting elec-
trodes is given. An electric current I1' is inputted into the
nerve tissue through the conducting electrode EL.1. The
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action potential/voltage V1' is not given, or may be generated.
Electric potentials V2' and V3' can be received through the
conducting electrodes EL.2 and EL3. The distance between
the conducting electrode EL.1 and the conducting electrode
EL2 is labeled as D1. The distance between the conducting
electrode EL.1 and the conducting electrode EL3 is labeled as
D2.
According to the electrical impedance equations,

Zy 5Dy

Zy 36Dy (3)

The electrical impedance Z, ,, Z, 5 is directly proportional
to the distances D1, D2, respectively. If a bigger angle is
formed by the conducting electrode EL.1 and the conducting
electrode EL3, the distance between the conducting electrode
EL1 and the conducting electrode EL.3 will be longer. That is,
i£0,5>0,4, Z, 3577, 5.4, as shown in FIG. 7B.

The relationships between the angle and electrical imped-
ance are represented as follows:

@)

Based on the above relationships, the angle 0, - can be
obtained by the ratio Z, ,/Z, , and the angle 6,  can be
obtained by the ratio Z, ,/Z, ; as shown in FIG. 7C. This
method is exact if the electrodes are point sources. Since the
electrodes are not point sources and have finite dimensions,
equation (3) and (4) can be modified based on numerical
modeling to improve its accuracy.

Accordingly, the angles 6 ,, []and 8,5 may be computed in
order to obtain a distribution angle between the adjacent
conducting electrodes. According to another example of the
present invention, if the plurality of conducting electrodes
EL.1-EL4 are spherical, k2 can be obtain, as shown in FIG.
6A (due to

vy

Kvy
VY = V¥ =
DI

D2’

’

V1', D1, V2', V3 given). Subsequently, D2 and 0,  can also
be computed. According to alternative example of the present
invention, if the conducting electrodes are flat-shaped, the
curve fitting method can be used to obtain the attenuation
factor and angles of the electric potentials and distance, based
on FIGS. 6B-6E. Therefore, D2 and 0,  can also be com-
puted.

Besides, when the distance between the adjacent conduct-
ing electrodes is given, the distance between the centroid of
the nerve fiber and each of the plurality of conducting elec-
trodes may also be obtained according to FIG. 7A. Also, as
shown in FIG. 7D, the distance between the centroid CEN and
the conducting electrode EL1 is labeled as D4. The distance
between the centroid CEN and the conducting electrode E1.4
is labeled as D5. An electric current ratio (1-c)l:al is inputted
into the nerve tissue through the conducting electrodes EL.2,
EL3, where 1 is the electric current source and . is a variable
of the electric current ratio. Accordingly, an ECAP Vx is
generated in the centroid CEN of the nerve fiber. In addition,
electric potentials Vx1 and Vx4 are received through the
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conducting electrode EL.1, EL4, respectively. Consequently,
the equation (5) may be obtained as follows:

VxA-D5=Vx1-DA=k3-Vx )

where k3 is a constant, and Vx1 and Vx4 are the electric
potentials.

Moreover, the following equation (6) may also be obtained
by using the triangulation technique. As shown in FIG. 7D, a
particular position is located between the conducting elec-
trode EL.2 and the conducting electrode EL.3 and therefore the
distance Y is between the centroid CEN of the stimulation
area and the particular position. Moreover, the distance
between the particular position and the conducting electrode
EL1 is labeled as G3 and the distance between the particular
position and the conducting electrode EL4 is labeled as G1.

1)5:\/Y2+G12-2Y-G1-coseD5

D4:‘/Y2+G32—2Y-G3-cos0D4 6)

In one embodiment of the present invention, the distance Y
may be computed by the equation (6) based on G1, G3, 0,
and 0 5 given. Once the distance Y is obtained, the distances
D4 and D5 will also be obtained. Consequently, the ECAP Vx
can be obtained by equation (5).

Accordingly, the present invention provides a method for
analyzing nerve fibers distribution and a method for measur-
ing a normalized ECAP (V. (1) in equation (2)). In addi-
tion, the relationship between the plurality of ECAPs and the
plurality of output conducting electrodes may also be ana-
lyzed in order to obtain nerve fibers distribution. In other
words, the electric current ratio o may be varied in order to
generate action potentials/voltages within the first stimula-
tion area R1, the second stimulation area R2 and the third
stimulation area R3 of the nerve tissue, as shown in FIG. 3.
Referring to FIGS. 8A-8C, an electric current ratio (1-o)l:al
is inputted into the nerve tissue through the conducting elec-
trodes E1.7, EL.8. A higher V., . corresponds to the denser
area of the surviving nerve fibers distribution, and a lower
Vcupr corresponds to the less dense area of the surviving
nerve fibers distribution. As shown in FIG. 8A, the conduct-
ing electrode El.7 has a higher V.. and the conducting
electrode El.8 has a lower V. According to another
example of the present invention, the central position between
the conducting electrode E1.7 and the conducting electrode
El.8 has ahigh V., -, as shown in FIG. 8B. According to an
alternative example of the present invention, the conducting
electrode E1.8 has a higher V., and the conducting elec-
trode E1.7 has a lower V- as shown in FIG. 8C. As such,
the normalized ECAP vs. distance reflects closely with the
actual neural survival distribution (which is labeled Nf) in the
top of each plot, as shown in FIGS. 8A-8C.

Compared to prior art, the electric current steering tech-
nique is incorporated with the normalized ECAP technique, a
virtual electrode is formed between at least two input con-
ducting electrodes by applying the electric current ratio to
control electric current using an electric current steering
device, in order to electrically stimulated nerve fibers within
a plurality of stimulation areas of the nerve tissue. Accord-
ingly, nerve fibers distribution can be quickly and precisely
obtained based on the relationship between the normalized
ECAP and the corresponding conducting electrodes.

Referring now to FIG. 9A, FIG. 9A shows a schematic
diagram illustrating a structure of the ECAP without using the
electric current steering technique. An electric current is
inputted into the nerve tissue through the conducting elec-
trode El.n. The conducting electrodes El.n-2, El.n-1, El.n+1,
El.n+2, El.n+3 are used as the output conducting electrodes,
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as shownin FIG. 9A. V(1) represents a source action potential/
voltage that is generated within the stimulation area R, and t
represents time. In other words, V(t) generated in the centroid
CEN of the stimulation area may be an ECAP V., (1).
Additionally, the electric potentials Vs™2, Vs™! Vg™
Vs™2, V™ are received by the sensing conducting elec-
trodes El.n-2, El.n-1, El.n+1, El.n+2, El.n+3, respectively.

According to equations (1) and (2), the distance between
the adjacent conducting electrodes may be obtained prior to
receiving V z~,»(t) within the stimulation area of the nerve
tissue. As shown in FIG. 10A, the first voltage is inputted into
the nerve tissue through an input conducting electrode. The
plurality of output conducting electrodes receives the first
electric potential in order to compute the distance between the
adjacent conducting electrodes.

That is to say, when the distance D1 between the conduct-
ing electrode EL1 and the conducting electrode EL2 is
obtained, an electric current IF is inputted through the con-
ducting electrode EL1. The sensing (output) conducting elec-
trodes EL2 and EL3 are used to receive the electric potentials
V2'and V3'. Accordingly, k2 and the distance D2 between the
conducting electrode ELL1 and the conducting electrode EL.3
can be computed by equation (3) and V2'-D1=k2-V1',
V3"D2=k2-V1' (wherein if the conducting electrodes are
spherical, k2 is a constant). In addition, the attenuation factor
may be computed based on the experimental result of electric
potential vs. distance, as shown in FIGS. 6 A-6E. If the con-
ducting electrodes are spherical,

k2
DecayFactor(D) = o

where k2 represents a constant. If the conducting electrodes
are flat-shaped, the curve fitting method may be used to obtain
the attenuation factor and angles of electric potentials and
distance, as shown in FIGS. 6B-6E.

Moreover, as shown in FIG. 10B, the second voltage is
inputted into the nerve tissue through an input conducting
electrode. The plurality of output conducting electrodes
receives the second electric potential in order to compute the
distance between the adjacent conducting electrodes.

Specifically, an electric current is inputted into the nerve
tissue through the conducting electrode EL.2 in order to gen-
erate an ECAP V., in the centroid CEN of the nerve fiber.
The other conducting electrodes EL1, EL.3 and EL4 are used
as the output conducting electrodes to receive electrical
potentials V1, V3 and V4. The distance between the centroid
CEN and the conducting electrode EL1 is labeled as D4, and
the distance between the centroid CEN and the conducting
electrode EL4 is labeled as D5. In one embodiment of the
present invention, the distance Y may be computed by equa-
tion (7) based on D3, 63, 6,55, 0, given. Once the distance Y
is obtained, the distances will also be obtained.

DS:\/Y2+032-2Y-Ds-coseD5

1)4:\/Y2+D12-2Y-D1coseD4 D

Accordingly, the present invention provides a method for
using a normalized evoked compound action potential
(ECAP), comprising the steps of inputting a voltage signal
into the nerve tissue through a plurality of conducting elec-
trodes, and computing an average ECAP corresponding to a
distance between each of the plurality of conducting elec-
trodes and the nerve tissue based on the method for measuring
a normalized ECAP (as shown in FIGS. 9-11); generating a
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curve of each of the plurality of conducting electrodes corre-
sponding to the average ECAP; obtaining a threshold poten-
tial and a comfort potential of the voltage signal inputted into
the nerve tissue, and obtaining a first correlation between the
average ECAP and the threshold potential and a second cor-
relation between the average ECAP and the comfort poten-
tial; generating the threshold potential level and the comfort
potential level of each of the plurality of conducting elec-
trodes based on the first correlation, the second correlation
and the threshold potential and the comfort potential of the
potential signal.

Referring to FIG. 11, FIG. 11 shows a plot of electric
current vs. electrode illustrating the threshold (T) potential
levels and the comfortable (C) potential level of electrical
stimulation signal for a typical patient in the left plot. The
ECAP threshold for each electrode is superimposed on the
same plot. Notice the correlation between C and T level with
ECAP threshold on the plot. The most (M) comfortable level
ofelectrical stimulation signal for a typical patient is shown in
the right plot. Again, notice the correlation between the M
level with the ECAP threshold in this plot. As shown in FIG.
11, T level (threshold potential level) represents the minimum
current a patient can hear, and C level (comfort potential
level)/M level (most comfort potential level) represents the
acceptable maximum current level a typical patient can hear
without any problem. Generally, the ECAP threshold is
between T level and C level/M level. In other words, the
ECAP threshold is correlated with T level and C level/M
level.

Consequently, the present invention provides a method for
analyzing nerve fibers distribution using both the electric
current steering technique and the normalized ECAP tech-
nique. Therefore, the threshold potential level and the most
comfort potential level of an electrical stimulation signal for
a patient can be quickly and precisely estimated without
requiring the patient to respond. As such, the electric current
stimulation factor can also be rapidly and precisely deter-
mined according to the method of the present invention.

The above embodiments are only used to illustrate the
principles of the present invention, and they should not be
construed as to limit the present invention in any way. The
above embodiments can be modified by those with ordinary
skill in the art without departing from the scope of the present
invention as defined in the following appended claims.

What is claimed is:

1. A method for analyzing nerve fibers distribution using a
plurality of sensing and conducting electrodes on the sur-
rounding of or inside a nerve tissue, comprising the steps of:

(1) inputting a stimulation signal into the nerve tissue
through at least two of the plurality of sensing and con-
ducting electrodes, and applying a stimulation signal
ratio to control the stimulation signal using an electric
current steering technique to form at least one of a plu-
rality of stimulation areas in the nerve tissue and to form
at least one of a plurality of evoked compound action
electric potentials (ECAPs) corresponding to at least one
of the plurality of stimulation areas based on the stimu-
lation signal ratio;

(2) receiving at least two of the plurality of ECAPs using at
least one of the plurality of sensing and conducting
electrodes; and

(3) computing a distribution angle corresponding to each
of'the plurality of sensing and conducting electrodes that
are not used for inputting a voltage signal into the nerve
tissue based on an electric potential attenuation factor,
the voltage signal and the plurality of ECAPs, integrat-
ing and comparing the received at least two of the plu-
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rality of ECAPs to analyze the nerve fibers distribution
in the nerve tissue based on the electric potential attenu-
ation factor, a relative distribution of at least one of the
plurality of sensing and conducting electrodes and a
distance between a nerve fiber and at least one of the
plurality of sensing and conducting electrodes within at
least one of the plurality of stimulation areas.

2. The method of claim 1, wherein the nerve fibers distri-
bution is obtained based on a distance between the nerve fiber
and at least one of the plurality of sensing and conducting
electrodes inputted by an electric current steering device and
a distance between the nerve fiber and the other one of the
plurality of sensing and conducting electrodes.

3. The method of claim 1, wherein a virtual electrode is
formed between at least two of the plurality of sensing and
conducting electrodes corresponding to the stimulation sig-
nal ratio for inputting an electric current.

4. The method of claim 1, wherein step (3) further com-
prises step (3-1) of: inputting the stimulation signal into the
nerve tissue through one of the plurality of sensing and con-
ducting electrodes and measuring at least one of the plurality
of ECAPs through the other one of the plurality of sensing and
conducting electrodes based on the electric potential attenu-
ation factor, the relative distribution of at least one of the
plurality of sensing and conducting electrodes and the dis-
tance between the nerve fiber and at least one of the plurality
of'sensing and conducting electrodes within at least one of the
plurality of stimulation areas.

5. The method of claim 1, wherein the plurality of sensing
and conducting electrodes are spherical sensing and conduct-
ing electrodes, and the electric potential attenuation factor is
inversely proportional to the distance between the nerve fiber
and at least one of the plurality of sensing and conducting
electrodes within at least one of the plurality of stimulation
areas.

6. The method of claim 1, wherein the plurality of sensing
and conducting electrodes are flat-shaped sensing and con-
ducting electrodes, and the electric potential attenuation fac-
tor is inversely proportional to the distance between the nerve
fiber and at least one of the plurality of sensing and conduct-
ing electrodes within at least one of the plurality of stimula-
tion areas.

7. The method of claim 1, wherein the plurality of stimu-
lation areas cover different areas of the nerve tissue.

8. A method for analyzing nerve fibers distribution, com-
prising the steps of:

(1) inputting a stimulation signal into a nerve tissue
through at least two of a plurality of sensing and con-
ducting electrodes, and applying a stimulation signal
ratio to control the stimulation signal using an electric
current steering technique to electrically stimulate a plu-
rality of nerve fibers within a plurality of stimulations
areas of the nerve tissue;

(2) receiving a plurality of ECAPs using at least two of the
plurality of sensing and conducting electrodes due to the
plurality of nerve fibers electrically stimulated and com-
puting a distance between one of the plurality of nerve
fibers and at least two of the plurality of sensing and
conducting electrodes; and

(3) computing a distribution angle corresponding to each
of'the plurality of sensing and conducting electrodes that
are not used for inputting a voltage signal into the nerve
tissue based on an electric potential attenuation factor,
the voltage signal and the plurality of ECAPs, and inte-
grating and comparing the received plurality of ECAPs
to analyze the nerve fibers distribution of the nerve tis-
sue.
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9. The method of claim 8, wherein in step (2) the distance
between the one of the plurality of nerve fibers and at least two
of'the plurality of sensing and conducting electrodes received
is computed using a triangulation technique and a ratio rela-
tionship of the plurality of ECAPs to the distance.

10. The method of claim 8, wherein the nerve fibers distri-
bution is obtained based on a distance between the one of the
plurality of nerve fibers and at least two of the plurality of
sensing and conducting electrodes inputted by an electric
current steering device and a distance between the one of the
plurality of nerve fibers and the other one of the plurality of
sensing and conducting electrodes.

11. The method of claim 8, wherein a virtual electrode is
formed between at least two of the plurality of sensing and
conducting electrodes corresponding to the stimulation sig-
nal ratio for inputting an electric current.

12. A method for measuring a normalized evoked com-
pound action potential (ECAP), comprising the steps of:

(1) inputting a voltage signal into a nerve tissue through at
least one of a plurality of sensing and conducting elec-
trodes, and computing a distribution angle correspond-
ing to each of the plurality of sensing and conducting
electrodes that are not used for inputting the voltage
signal into the nerve tissue based on an electric potential
attenuation factor, the voltage signal and a plurality of
ECAPs;

(2) computing a distance between a nerve fiber and each of
the plurality of sensing and conducting electrodes based
on the distribution angle corresponding to each of the
plurality of sensing and conducting electrodes;

(3) inputting a stimulation signal into the nerve tissue
through at least one of the plurality of sensing and con-
ducting electrodes to generate the plurality of ECAPs,
receiving the plurality of ECAPs using the other one of
the plurality of sensing and conducting electrodes that
are not used for inputting the stimulation signal into the
nerve tissue, and receiving the plurality of ECAPs cor-
responding to the other one of the plurality of sensing
and conducting electrodes based on the distance
between the nerve fiber and each of the plurality of
sensing and conducting electrodes including the electric
potential attenuation factor; and

(4) computing the received plurality of ECAPs to obtain an
average ECAP of the nerve fiber.

13. The method of claim 12, wherein the distance is
between a centroid of the nerve fiber and each of the plurality
of sensing and conducting electrodes, and the average ECAP
of the nerve fiber is computed based on the centroid of the
nerve fiber.

14. The method of claim 12, wherein step (1) further com-
prises inputting the voltage signal into the nerve tissue
through at least one of the plurality of sensing and conducting
electrodes and computing the distribution angle correspond-
ing to each of the plurality of sensing and conducting elec-
trodes that are not used for inputting the voltage signal into
the nerve tissue; measuring resistances between any two adja-
cent ones of the sensing and conducting electrodes; and com-
puting a nerve fibers distribution corresponding to the plural-
ity of sensing and conducting electrodes based on the voltage
signal, the plurality of ECAPs and the resistances.

15. The method of claim 12, wherein step (2) further com-
prises computing the distance between the nerve fiber and
each of the plurality of sensing and conducting electrodes
using a triangulation technique based on the distribution
angle corresponding to each of the plurality of sensing and
conducting electrodes.
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16. The method of claim 12, wherein the plurality of sens-
ing and conducting electrodes are spherical sensing and con-
ducting electrodes, and the electric potential attenuation fac-
tor is inversely proportional to the distance between the nerve
fiber and each of the plurality of sensing and conducting
electrodes.

17. The method of claim 12, wherein the plurality of sens-
ing and conducting electrodes are flat-shaped sensing and
conducting electrodes, and the electric potential attenuation
factor is inversely proportional to the distance between the
nerve fiber and each of the plurality of sensing and conducting
electrodes.

18. A method for using a normalized evoked compound
action potential (ECAP), comprising the steps of:

(1) inputting a voltage signal into the nerve tissue through

a plurality of sensing and conducting electrodes, and
computing an average ECAP corresponding to a dis-
tance between each of the plurality of sensing and con-
ducting electrodes and the nerve tissue based on a
method for measuring a normalized ECAP, wherein the
method for measuring the normalized ECAP comprises
computing a distribution angle corresponding to each of
the plurality of sensing and conducting electrodes that
are not used for inputting the voltage signal into the
nerve tissue based on an electric potential attenuation
factor, the voltage signal and a plurality of ECAPs;

(2) generating a curve of each of the plurality of sensing
and conducting electrodes corresponding to the average
ECAP;

(3) obtaining a threshold potential and a comfortable
potential level of the voltage signal inputted into the
nerve tissue, and obtaining a first correlation between
the average ECAP and the threshold potential and a
second correlation between the average ECAP and the
comfortable potential level, wherein the comfortable
potential level represents an acceptable maximum cur-
rent level; and

(4) generating a threshold potential level and a comfortable
potential level of each of the plurality of sensing and
conducting electrodes based on the first correlation, the
second correlation and the threshold potential and the
comfortable potential level of the voltage signal.

19. The method of claim 18, wherein the method of mea-
suring the normalized ECAP of step (1) comprises the steps
of:

(1-1) inputting the voltage signal into the nerve tissue
through at least one of the plurality of sensing and con-
ducting electrodes;

(1-2) computing the distance between the nerve fiber and
each of the plurality of sensing and conducting elec-
trodes based on the distribution angle corresponding to
each of the plurality of sensing and conducting elec-
trodes;

(1-3) inputting a stimulation signal into the nerve tissue
through at least one of the plurality of sensing and con-
ducting electrodes to generate the plurality of ECAPs,
receiving the plurality of ECAPs using the other one of
the plurality of sensing and conducting electrodes that
are not used for inputting the stimulation signal into the
nerve tissue and computing the plurality of ECAPs cor-
responding to the other one of the plurality of sensing
and conducting electrodes, based on the plurality of
ECAPs, the distance between the nerve fiber and each of
the plurality of sensing and conducting electrodes, and
the electric potential attenuation factor; and

(1-4) computing the received plurality of ECAPs to obtain
an average ECAP of the nerve fiber.
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